Amplitude-integrated electroencephalogram (aEEG) is a single channel EEG recorded from two parietal electrodes. The objective of this study was to test the hypothesis that aEEG maturation follows postmenstrual age (PMA) irrespective of gestational age (GA).
INTRODUCTION
Amplitude-integrated electroencephalogram (aEEG) is a single channel, time-compressed, continuous EEG recorded from two parietal electrodes over long periods of hours or days without the need for skilled attention. 1 aEEG monitoring has been increasingly used in neonates. [1] [2] [3] [4] Results of aEEG are highly predictive of shortand long-term outcome in full-term infants with perinatal asphyxia. [5] [6] [7] [8] [9] Neurophysiological methods such as aEEG and evoked potentials have the best predictive value for selecting infants for early intervention to prevent long-term sequelae. 9 Background aEEG activity is concordant with the neurological examination and with background patterns on full-scale EEG. [10] [11] [12] However, routine aEEG may fail to detect brief seizure patterns, which are difficult to differentiate from artifacts. 10, 12 Several studies provide normative data on aEEG in preterm infants at different gestational ages (GA) and postmenstrual ages (PMA, obtained by adding GA and postnatal age). 2, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] These studies have shown that aEEG characteristics in preterm infants, including voltages, continuity and sleep-wake cycling (SWC) mature with increasing GA or with increasing PMA. The effect of extrauterine life on normal aEEG maturation has not been specifically assessed. The objective of this study was to test the hypothesis that aEEG maturation follows PMA irrespective of GA.
METHODS Patient Inclusion and Exclusion Criteria
Inborn infants with GA <33 weeks, delivered between August 2001 and July 2003, were eligible for the study. GA was assigned based on the best obstetrical estimate if available, or else by the modified Ballard score, which was performed after 12 to 48 hours of life. They were recruited into the study after obtaining a written informed consent from their mothers or both parents if available. Exclusion criteria included evidence of seizure activity, grade III-IV intraventricular hemorrhage (IVH) (Papile classification), cystic periventricular leukomalacia, congenital anomalies, and scalp lesions preventing the application of electrodes, for example, bullous dermatologic lesions or scalp abscess requiring drainage. Neurosonograms were obtained in all patients at the end of the first week and repeated weekly until resolution of intracranial bleed if any, at least once after 3 weeks of age to assess for possible periventricular leukomalacia, and as needed based on clinical indications. Patients with evidence of seizure activity on the basis of clinical observation or on the basis of an aEEG tracing had a full 12-lead EEG interpreted by a pediatric neurologist and were excluded from the study. The study was approved by the Institutional Review Board of Montefiore Medical Center.
a-EEG Recordings
Method of recording. All aEEGs were obtained and interpreted by a single author (J.S.) using pre-established criteria. We performed serial aEEG recordings for periods of 4 to 24 hours starting at 12 to 48 hours of life and then (bi)weekly until hospital discharge or a PMA of 35 weeks. Thus, PMA ranged between 25 and 35 weeks of age. The aEEG was recorded from biparietal surface disc electrodes using the Lectromed Cerebral Function Monitort System 5330 CFM (Olympic Medical, Seattle, WA, USA). Key features of the CFM monitor include signal amplification, filtering and processing. 1, 2, 23 The signal is then written out on a slow speed (6 cm/hour) paper recorder.
Tracing exclusion criteria. Tracings were included only if the infants did not receive sedation, narcotics or any antiepileptic medications 24, 25 for at least 8 hours before the recording or at any time during the recording. The quality of the recording was monitored by simultaneously measuring impedance. aEEG tracings with impedance Z20 kO were discarded. Tracings shorter than 4 hours were discarded.
Voltages were measured using a ruler and semilogarithmic transformation using a spreadsheet.
Tracing assessment. The aEEG recordings were assessed for both qualitative and quantitative characteristics observed in the whole tracing. Examples of tracings are available upon request.
(1) Continuity: We assessed background activity of the recordings according to the absence or presence of isoelectric periods along with periods of variability (amplitude fluctuations). We classified tracings into three categories: continuous (without isoelectric periods and decreased variability), discontinuous (with isoelectric periods and decreased variability), and borderline (intermediate between the two previous categories).
(2) Sleep-wake cycling (SWC): Mature SWC was defined as regular (stable duration and frequency) rhythmic sinusoidal variations of amplitude with a cycle Z20 minutes. In order to be classified as mature, this pattern needed to be the predominant pattern observed throughout the majority of the tracing. Tracings with a cycling pattern that did not fit criteria for a mature SWC pattern were classified as an intermediate cycling pattern.
(3) Low base voltage (mV) was defined as the lower edge of the tracing. It reflects the minimum cerebral activity during quiet sleep or low activity level.
(4) High base voltage (mV), defined as the most common amplitude of the lower margin during high activity, is associated with active sleep or wakefulness.
(5) Upper high voltage (mV) was defined as the maximum level of activity or the upper edge of the tracing.
(6) Span or bandwidth (mV), defined as the difference between upper high and simultaneous high base voltage, is an indicator of the variability of the signal.
Data Analysis
We analyzed the data using two subgroups of GA: 25 to 28 and 29 to 32 weeks, and three subgroups of PMA: 25 to 28, 29 to 32 and 33 to 35 weeks. Statistical analysis was performed using SPSS for Windows version 12 (SPSS Inc, Chicago, IL, USA). A P-value <0.05 was considered significant.
Changes in the frequencies of continuous tracing and mature SWC with age were analyzed by multinomial logistic regression (enter method), using adjusted odds ratios (OR) and their 95% confidence intervals (CI). Since some infants had more than one tracing obtained within the same PMA range, we used for each infant the last tracing within each PMA group.
Individual voltage measurements did not have a Gaussian distribution (as assessed by normal probability plot and Kolmogorov-Smirnov test); therefore, we used nonparametric statistics and box plots. We used for each infant the median value from all tracings obtained within a subgroup of PMA. We used repeated measures analysis of variance (ANOVA) by ranks at PMA of 29 to 32 and 33 to 35 weeks. Specifically, Puri and Sen's L statistics, treated as a w 2 approximation, were calculated by multiplying Pillai's Trace by the degree of freedom (i.e., number of subjects minus one). 26 
RESULTS

Patient Description
In all, 31 patients were enrolled in the study with GA ranging between 25 and 32 weeks and birth weight ranging between 600 and 1704 g. A total of 13 infants had a GA between 25 and 28 weeks and 18 had a GA between 29 and 32 weeks. We evaluated 119 aEEG tracings at a PMA of 25 to 35 weeks, including 32 (27%) at a PMA of 25 to 28 weeks, 61 (51%) at a PMA of 29 to 32 weeks, and 26 (22%) at a PMA of 33 to 35 weeks. The median duration of the tracing was 8 hours (range 4 to 24). A complete table is available upon request.
All patients but two were exposed to prenatal corticosteroids. Three infants died during the study after recordings had been obtained. The cause of death was necrotizing enterocolitis in two patients and liver failure in one patient. Patients' demographics are shown in Table 1 . High-frequency oscillation was used in six patients, though in only two during aEEG recording. No patients were excluded because of seizures or suspicion of seizures, and no tracings were excluded for medications possibly affecting the tracing.
Continuity (Table 1 ) Discontinuous tracings were only observed before 33 weeks of PMA, and continuous tracings appeared at a PMA of 27 weeks. Logistic regression (n ¼ 66) showed that the likelihood of having a borderline or continuous tracing rather than a discontinuous tracing significantly increased with PMA ( p<0.001, OR>10 4 ), and was higher in extremely preterm infants after correcting for PMA ( p<0.001, OR>10 4 ).
Sleep-wake Cycles ( 
Post Hoc Analysis
Since only two 26-week GA infants, both at a PMA of 25 to 28 weeks, received high-frequency oscillation during any aEEG recordings, we did not have enough data to evaluate statistically the effect of this mode of ventilation on aEEG. While receiving high-frequency oscillation, these two patients had either Data represent the number of patients achieving a given level of maturity on the latest recording at each postmenstrual age group.
Amplitude-Integrated EEG in Preterm Infants
Sisman et al.
discontinuous or intermediate tracings and either no SWC or immature SWC, and their aEEG voltages were all within the ranges observed in other patients of similar GA and PMA.
DISCUSSION
Several authors have shown that aEEG activity in preterm infants matures with age. Our multivariate analysis shows that maturation of most aEEG parameters in preterm infants follows PMA primarily independent of GA, whereas maturation of high base voltage and continuity with PMA appears to be accelerated in extremely premature infants. Very premature infants are at risk for severe intraventricular or periventricular hemorrhage, which are often associated with aEEG abnormalities. Old data had shown that EEG maturation was related to PMA, independent of GA. 27 In contrast, recent data have shown that early experience, specifically the Newborn Individualized Developmental Care and Assessment Program (NIDCAP), positively alters brain function including EEG spectral coherence, neurobehavioral functioning and brain structure. 28 We speculate that the apparent acceleration of aEEG in infants born at extremely low GA in our study might be related to selection of babies without any evidence of brain damage. In our NICU such infants receive extensive comprehensive developmental care, including gentle approach to care, light dimming, rest periods, flexed position with appropriate support, and Kangaroo care.
Our aEEG results are in agreement with published normative data. In our study, we included only preterm infants without evidence of brain abnormalities or injury, and tracings in the absence of sedation, which may case burst suppression, 24 and of narcotics or phenobarbital, which may depress background patterns. 25 We only analyzed tracings with low impedance, to assure adequate electrode contact, and included only tracings of at least 4 hours duration, to maximize the likelihood of detecting intermittent periods 15 of mature 20-minute sleep-wake cycles. Limitations of our study include the small number of infants and analysis of the tracings by a single investigator who was not blinded to GA and PMA. Evolution of low base voltage with PMA and GA. In this boxplot, the lower and upper margins of the box correspond to quartiles (i.e., percentiles 25 and 75), the line in the middle of the box corresponds to the median, the whiskers correspond to percentiles 10 and 90, circles beyond the whiskers correspond to outliers (cases with values between 1.5 and 3 box lengths from the upper or lower edge of the box) and stars correspond to extremes (cases with values beyond 3 box lengths for the edge of the box). Every patient accounts for an n of 1 for each PMA group in these calculations. GA, gestational age; PMA, postmenstrual age. Our data on continuity were in agreement with previous authors. [13] [14] [15] 17, 18 Connell 14 has shown that the percentage of continuous tracings increases between a GA of 26 and 37 weeks from around 10% to around 80%. The amount of discontinuity decreases with increasing GA because the isoelectric periods between bursts get shorter and shorter as the brain matures.
14 Data on SWC have evolved during the last few decades. Studies carried out more than 20 years ago 3, 19, 29 failed to detect different sleep states until 30 to 32 weeks. In contrast, recent studies have shown cyclic patterns at a much earlier age, possibly because of changes in acuity, morbidity and therapy. Patterns similar to SWC or immature cyclic variations have been observed at 23 to 24 weeks 13, 15, 17, 20 even using tracings as short as 90 minutes, 17, 20 or in sedated patients. 13 These patterns are not related to patient handling. 20 Long recordings of unsedated preterm infants have shown intermittent regular aEEG cycles by 27 weeks of PMA. 15 Recent EEG data have shown sleep state differentiation in neurologically normal infants at 27 weeks. 30 The presence of SWC in preterm infants is strongly associated with good long-term prognosis 13 and is absent in most infants with severe IVH. 22 Our voltage data are well in agreement with published data.
1-3,13-16,19,21 Verma et al. 3 showed a progressive increase in voltage with increasing GA from 30 to 38 weeks. The best correlation was observed with the minimum level of activity in quiet sleep, which corresponds with low base in our study. Similarly, Viniker et al. 19 reported an upward trend of the lower edge of the tracing with increased conceptional age (i.e., PMA minus 2 weeks) between 29.5 and 37.5 weeks and chronological age. Thornberg et al. 21 published normative aEEG voltage data in neonates with GA between 26 and 42 weeks and PMA between 30 and 42 weeks. Our low base and upper high voltages correspond to their minimum and maximum amplitudes of the broadest bandwidth, respectively, while our high base voltage and the sum of high base voltage and span correspond, respectively, to their minimum and maximum amplitudes of the narrowest bandwidth.
The median values in our study were similar to their means, and ranges were similar.
In summary, our aEEG data are very similar to those published previously. Using multivariate analysis, we showed that maturation of aEEG tracing primarily occurs with PMA, while maturation of high base voltage and SWC appears to be accelerated in extremely preterm infants. Thus, our data suggest that aEEGs in preterm infants may need to be analyzed by comparing with standards of similar PMA and similar GA. 
